Introduction
The need to incorporate groundwater hydrology in global land surface models is receiving increased attention (Liang et al. 2003; Yeh and Eltahir 2005; Niu et al. 2007; Fan et al. 2007; Lo et al. 2008 Campoy et al. 2013; Krakauer et al. 2013) . Groundwater storage can affect atmospheric and terrestrial hydrological processes by affecting soil moisture profiles and evapotranspiration (ET) rates (Famiglietti and Wood 1994; Gutowski et al. 2002; Yeh and Famiglietti 2009 ). For example, partitioning precipitation into ET and runoff can be considerably improved after incorporating water table dynamics in land surface model parameterization (Yeh and Eltahir 2005) . Hasler and Avissar (2007) mentioned that general circulation models (GCMs) often overestimate the water stress in tropical rain forests. After including groundwater storage in aquifers, simulated total land water storage anomalies (including soil water and groundwater) more closely matched those observed in the Gravity Recovery and Climate Experiment [GRACE, Tapley et al. (2004) ] in regions where snow melt and frozen soils are not dominant (Niu et al. 2007) . A study conducted using an observational data set including soil moisture, groundwater, and streamflow showed that groundwater storage can have a substantial impact on the rate of ET, especially during dry seasons in Illinois (Yeh and Famiglietti 2009 ). Based on extensive collections of groundwater well data sets, Fan et al. (2013) concluded that on a global basis, shallow groundwater influences approximately 27 % of the global land area, including approximately 15 % of groundwater-fed surface water regions.
Abstract Adding a groundwater component to land surface models affects modeled precipitation. The additional water supply from the subsurface contributes to increased water vapor in the atmosphere, resulting in modifications of atmospheric convection. This study focuses on how groundwater dynamics affect atmospheric convection in the Amazon River basin (ARB) during July, typically the driest month. Coupled groundwater-land-atmosphere model simulations show that groundwater storage increases evapotranspiration rates (latent heat fluxes) and lowers surface temperatures, which increases the surface pressure gradient and thus, anomalous surface divergence. Therefore, the convection over the Southern Hemispheric ARB during the dry season becomes weaker when groundwater dynamics are included in the model. Additionally, the changes in atmospheric vertical water vapor advection are associated with decreases in precipitation that results from downwelling transport anomalies. The results of this study highlight the importance of subsurface hydrological processes in the Amazon climate system, with implications for precipitation changes during the dry season, observed in most current climate models.
Groundwater storage can also influence climate at regional and global scales. Some studies (Anyah et al. 2008; Yuan et al. 2008; Jiang et al. 2009; Campoy et al. 2013) have shown that accounting for hydrological processes in aquifers and lower soil boundary conditions can alter simulated land-atmosphere feedbacks in regional and global climate models. Including a groundwater module in land surface models alters the modeled distribution of precipitation (Lo and Famiglietti 2011) . Their results indicated that globally inhomogeneous changes in precipitation in the boreal summer, and tropical regions show a positive anomaly in the Northern Hemisphere and a negative anomaly in the Southern Hemisphere. In addition to directly supplying water to the soil, atmosphere, and surface water, groundwater storage may also modulate the timescales of terrestrial hydrological processes because of the long time scales involved. van den Hurk et al. (2005) found that the responses of the terrestrial hydrological cycle are usually too rapid in regional models because of insufficient land water storage. Similarly, Koutsoyiannis et al. (2007) showed that simulated runoff has a high temporal persistence when groundwater storage is incorporated into the runoff generation scheme. Groundwater storage can have nonlinear effects on the surface soil moisture persistence, depending on water table dynamics . Including a groundwater aquifer module to the Goddard Institute for Space Studies (GISS) ModelE general circulation model had a limited impact on mean climate, but affected the seasonality and interannual persistence of soil moisture and climate (Krakauer et al. 2013) .
From a regional perspective, groundwater storage also plays a critical role in the hydrological cycle in the Amazon River basin (ARB), which contributes a substantial amount of water vapor to the atmosphere and fresh water discharge to the ocean. Because of the delayed response of groundwater to atmospheric forcing, groundwater storage can provide a buffer for the surface water dynamics in the Amazon River in dry seasons Miguez-Macho and Fan (2012a) . Miguez-Macho and Fan (2012b) also suggested that accounting for shallow groundwater produces considerable differences in the simulated soil moisture over the ARB. The response of ET to groundwater depends on the seasonal amplitude of the atmospheric precipitation and temperature, and land surface conditions, resulting in a substantial increase in ET in the dry season. Using an observational dataset, Juárez et al. (2007) showed that, during the dry season, the deep soil provides a sufficient supply of water to account for ET because of the extensive and deep root system of trees in the ARB (da Rocha et al. 2009 ). Hydraulic redistribution (HR), a phenomenon of tree root redistributes soil water from wet to dry areas at night and normally redistributes the water from deep soil, where water was stored in raining season, to surface soil (Lee et al. 2005) . Lee et al. (2005) have shown that HR can influence ET and surface temperature in the dry season, because the redistribution of water enhances the transpiration and lowers the surface temperature. Murthi et al. (2011) showed that the National Center for Atmospheric Research Community Atmosphere Model (CAM3) underestimates the precipitation in the Amazon. Most CMIP5 models [including NCAR Community Climate System Model version 4 (Gent et al. 2011) ] also show the underestimated precipitation over tropical South America notwithstanding the season (Yin et al. 2013) . In this study, we focus on how groundwater dynamics and land surface energy changes impact the precipitation. The extent to which groundwater affects the Amazonian climate system, especially during the dry seasons when groundwater has the most substantial impact on ET is unclear. According to Lo and Famiglietti (2011) , groundwater storage can result in an asymmetric dipole of precipitation changes over northern South America, an opposite precipitation anomalies over the Northern and Southern Hemisphere of South America. However, the mechanism that controls the negative precipitation anomalies over south of the equator is not clearly identified. In addition, Lee et al. (2012) mentioned that model simulation without transpiration over tropical rainforests leads to less precipitation, but the variability of precipitation will increase, which means the extreme precipitation will get stronger. Harper et al. (2014) also showed that during dry periods in the Amazon, the unstressed soil moisture condition (wetter soil layer) may induce less precipitation over the Amazon. Based on the literature thus far, understanding the impact of groundwater storage on the changes in atmospheric conditions over the ARB using a fully coupled atmosphere-land-groundwater model could be an important addition to the already known science (i.e., the underestimated precipitation in GCMs) that is the main goal of this study.
Model
The coupled climate model used for this study was the NCAR Community Atmosphere Model, version 3.5 (CAM3.5). Substantial modifications and improvements to CAM3.0 are incorporated in CAM3.5. For details on the changes in the model, the reader is referred to Gent et al. (2009) and references therein. CAM3.5 includes the Community Land Model (CLM) version 3.5 (Oleson et al. 2008) coupled with an unconfined groundwater aquifer model (Niu et al. 2005 (Niu et al. , 2007 . The groundwater recharge flux in CLM 3.5 (Niu et al. 2007; Oleson et al. 2008 ) is described by Darcy's law:
where q is the soil water flux (negative upwards), k is the hydraulic conductivity, ψ is the hydraulic potential, and z is the depth between the water table and the soil layer. The hydraulic potential can be separated into soil water potential (ψ m ) and gravitational potential ψ g . The reference level is in the soil surface so ψ g is equal to the depth (−z). Compared to vertical soil water flux computations in the CLM 3.0, the most significant modification of adding an unconfined aquifer model to the CLM 3.5 is the extra source of water from the groundwater. The water table is interactively linked to soil moisture model through the exchange of groundwater recharge (i.e., soil drainage flux) and capillary rise (q m = −k ∂ψ m ∂z ) at the bottom of the soil column, in which there are 10 soil layers with increasing thickness from 0 to 3.43 m below the surface. The groundwater model utilized in this study is a simple unconfined aquifer system (without lateral groundwater flow and a confined aquifer), which is recognized as having interactions with the climate system (Yeh and Famiglietti 2009) . Considering most of the current climate models, which lack any representation of groundwater processes, this study focused on the linkages between shallow unconfined groundwater and precipitation in the ARB rather than the development of a sophisticated groundwater model in the CLM.
The simulations used in this study were performed at the standard T85 resolution (approximately 1.4° × 1.4°) with 26 vertical hybrid coordinate levels. We used similar CLM setting with Lo and Famiglietti (2011) , which was focused on global groundwater effect in boreal summer. The major model setting difference is that this study used a finer T85 resolution instead of T42. Furthermore, this study focused on exploring the mechanism of the circulation changes during the dry season over the Southern Hemispheric part of Amazon. Two online experiments using CAM3.5 were then done: (1) the no groundwater (NOGW) run and (2) the groundwater (GW) run. In the NOGW run, the capillary flux from the aquifer to the soil model was inactive in the CLM3.5. In the GW run, the water table was interactively linked to the soil moisture model through the exchange of soil drainage flux and capillary rise at the bottom of the soil column. Other than the modification of capillary flux, the model configuration was kept the same between the two simulations. As a result, the impact of groundwater storage on precipitation could be identified based on the differences between the two experiments. These simulations were forced by the prescribed sea surface temperatures and sea ice concentrations (Hurrell et al. 2008) .
Next, we evaluated the statistical significance of both simulations using the Student's t tests with a 95 % significance level. For detailed information on the experimental setup, the reader is referred to Lo and Famiglietti (2011) . The simulation produced a global monthly output from 1871 to 1999. To remove the effects of uncertain initial and boundary conditions, as well as the long persistence effect of the groundwater aquifer, the 1871-1949 period was treated as a spin-up, and the subsequent 50-year (1950-1999) simulations were used in the analysis. Although the analysis focused on July, when most of the Southern Hemispheric ARB is in the dry season, we also analyzed the combined period for June, July, and August (JJA), which showed similar results.
Methodology

Vertically integrated water vapor budget
The vertically integrated water vapor budget equation can be used to examine precipitation changes induced by groundwater dynamics:
where q is water vapor, ET is evapotranspiration, P is precipitation, ν is horizontal velocity, −∇ · (vq) is the divergence of moisture flux, and 〈〉 denotes mass integration throughout the troposphere, i.e., 1 g p t p s ()dp, where g is gravity, p t is the pressure at the tropopause (100 hPa in this study), and p s is surface pressure. Because the pressure velocity is near zero at the surface and the tropopause (Tan et al. 2008) , the divergence of moisture flux can be estimated as follows:
where ω is pressure velocity, −v · ∇q is the horizontal moisture advection, and −ω ∂q ∂p can be regarded as the vertical moisture advection. The long-term averaged time derivation term ∂q ∂t is insignificant, which is ignored here. Therefore, anomalies for the vertically integrated moisture budget equation can be written as (Chou and Neelin 2004; Chou et al. 2006) where apostrophe ′ represents anomalies caused by groundwater effects. The changes in vertical moisture advection can be further divided into two terms:
where ( ) is the value from the control run, i.e., NOGW run, and ( ) ′ is anomalies. The first term on the right-hand side of Eq. (4) is associated with changes in water vapor, and is usually termed the thermodynamic component (Held and Soden 2006; Chou et al. 2009; Seager et al. 2010) . The second term on the right-hand side of Eq. (4) is related to changes in pressure velocity, which is associated with atmospheric circulation, and is termed the dynamic component (Held and Soden 2006; Chou et al. 2009; Seager et al. 2010 ). In addition, we neglected the nonlinear term of −�ω ′ ∂q ′ ∂p � in this study because the changes were insignificant. Hence, anomalies for the vertically integrated moisture budget equation can be rewritten as follows:
Moist static energy
The vertical profile of moist static energy (MSE or h) anomalies helps us analyze the moist static stability (Chou et al. 2013b) . MSE is defined as where C p is the specific heat at constant pressure, T is temperature, L v is the latent heat of vaporization at 0 °C, q is the specific humidity, g is the gravitational acceleration, and z is height. Figure 1 shows the anomalies (GW − NOGW) for soil moisture and surface temperature over the ARB in July. Groundwater can support root zone soil moisture, as shown in Fig. 1a . Soil moisture increased throughout the ARB, and Miguez-Macho and Fan (2012b) also indicated that increasing soil moisture can maintain high ET rates throughout the dry season to influence the water cycle in the Amazon. In our study, the increasing soil moisture further shows a decrease in surface temperature (Fig. 1b) . The influence of groundwater dynamics on precipitation is shown in Fig. 2 . The precipitation amount is significantly reduced over the Southern Hemispheric part of ARB, as shown in Fig. 2a . The precipitation ratios (Fig. 2b) clearly show less overall precipitation. This result suggests that groundwater plays an important role in the dry season precipitation.
Results and discussions
Impacts of groundwater on land surface processes
The precipitation anomalies in July shown in Fig. 2a can be decomposed into ET ′ , −�v · ∇q� ′ , −�ω , and dots indicate significant changes for each variable). Figure 3a shows an increase in ET rate (in energy units, W m −2 ), with the most significant changes in ET
rates occurring over the eastern ARB. This result is consistent with the groundwater modeling experiment conducted by Miguez-Macho and Fan (2012b) . They showed that an increase in latent heat fluxes causes a loss of energy for land surface, so the surface temperature decreases. However, this does not indicate that ET significantly changed with changes in soil moisture. That depends on whether the region of increased soil moisture is located over a soilwater-limited or energy-limited region (Koster et al. 2004) . Although ET rates increase after including a groundwater interaction component in the GW run, providing more water vapor into the low level troposphere, the precipitation amount is significantly reduced over the Southern Hemispheric part of ARB. As a result, not only does groundwater provide more water vapor into the atmosphere, it also induces changes in atmosphere convection and stability that tend to influence the precipitation. A further analysis of Eq. 5 shows that the anomalous horizontal moisture advection term had a less clear pattern (Fig. 3b) . The anomalous thermodynamic component of the vertical moisture advection term (Fig. 3c) shows a similar pattern to the anomalous dynamic component of the vertical moisture advection (Fig. 3d) , but with opposite signs and much weaker amplitudes. As shown in Fig. 3d , the anomalous dynamic component of the vertical moisture advection term matched the patterns of precipitation anomalies in July (Fig. 2a) both in space and magnitude, except the downstream ARB region. The anomalous dynamic component of downstream ARB region was compensated by the ET anomalies. Overall, the analysis of the vertically integrated water budget equation in the atmosphere suggests that the reduced precipitation is associated with weaker convection (reduced dynamic component of the vertical moisture advection term) in the simulations with the groundwater dynamics.
Impacts of groundwater on the atmospheric vertical velocity
Because changes in the dynamic component of vertical moisture advection ( , negative indicates upward motion) anomalies at 925, 850, 700, and 500 hPa in July. A significant decline in vertical velocity exists in the lower troposphere (below 700 hPa), consistent with the decreased anomalous dynamic component of the vertical moisture advection term shown in Fig. 3d . The anomalous subsidence in the lower troposphere is also consistent with the 925 hPa divergence anomalies (vectors) shown in Fig. 5 . Moreover, it is evident in Fig. 5 that the anomalous divergence coincides well with high surface pressure anomalies (shaded) as well as the anomalous pressure gradient. Additionally, the surface pressure anomalies seem to agree with the surface cooling anomalies shown in Fig. 1b . In other words, the reduced convection can be caused by a decrease in surface temperature, which enhances the surface pressure gradient and further induces the anomalous low-level divergence. Figure 6 shows zonally (from 72W to 55W, as indicated by the red outlined box in Fig. 4d ) averaged mean pressure velocity from 20S to 13N for July. The region south of the equator, which is our target domain in this study, showed anomalous downward motion over the lower troposphere at approximately 925-750 hPa. This anomalous vertical motion is opposite the climatological upward motion, and the mean ascending motion is therefore reduced. As described in Figs. 4 and 5, the surface cooling in the GW run increased the surface pressure gradient and led to anomalous surface divergence and downward motion anomalies. Figure 6 also shows anomalous upward motion over the region north of the equator, during the wet season. This anomalous vertical motion, on the other hand, is in the ) and b anomalies ratio (%, divided by the NOGW run). Statistically significant results are dotted same direction as the climatological upward motion, thus the mean ascending motion is enhanced. This phenomenon is consistent with the vertical pressure velocity shown in Fig. 4 , indicating that the northern ARB had upward motion anomalies in its wet season. The anomalous upward motion is related to circulation change, as indicated in Lo and Famiglietti (2011) , who showed that tropical land regions exhibit a positive anomaly of precipitation over northern South America in the boreal summer, and the increased precipitation primarily follows the climatology convective area when the northern South America is in wet season. The results of the present study offer a possible mechanism to account for the precipitation changes in the Southern Hemispheric part of ARB during the dry season. Changes in precipitation over the southern ARB reveal a phenomenon that makes the dry season even drier. This phenomenon also occurs over Orinoco and the region north of the ARB in January. Furthermore, by analyzing the vertically integrated water vapor budget equation, we determined that the dynamic components (changes in ω, i.e., −�ω ′ ( ∂q ∂p )�) The decrease in surface temperature could also increase atmospheric stability, and reduce convection. As presented in Fig. 7 , the vertical profile of changes in MSE (Eq. 6) and its decomposition averaged inside the Southern Hemispheric part of ARB have the consistent response in the decreased July precipitation. The term of C p T tends to stabilize the atmosphere, i.e., dT ′ dz > 0, especially between 850 and 700 hPa. The L v q term, on the other hand, destabilizes the atmosphere, i.e., dq ′ dz < 0, between 925 and 700 hPa in particular. Overall, due to the strong surface cooling, the MSE decreases throughout the lower troposphere; however, the vertical gradient of MSE ( dh ′ dz ) shows a relatively complicated profile. Below 750 hPa, the atmosphere in fact becomes more unstable because of the contribution from the vertical structure of water vapor (the higher water vapor near the surface from the excess ET and the lower water vapor above 800 hPa). The MSE in this study presents no consistent effects between upper (above 750 mb) and lower (below 750 mb) atmosphere. In the lower level, the surface cooling effect is stronger than the moistening effect. The positive surface pressure anomalies due to cold surface present critical evidence in affecting and inhibiting the convection in the Southern Hemispheric ARB in July. Furthermore, the surface net radiation increases (Fig. 8a) resulting from weaker convection and less cloud cover (Fig. 8b) in the GW run; however, the higher net radiation does not cause higher temperature. It suggests that changes in land surface temperature principally refer to the ET increases from adding the groundwater dynamics.
Idealized simulation with decreases in surface temperature
We confirm these processes (cooling, changes of pressure, and then convection) by further conducting an idealized simulation with arbitrarily reduced surface temperature over the ARB (NOGW_COOL run). This NOGW_COOL run has the same model configuration as the NOGW run, except that surface temperature within the ARB is reduced by about 1 K per monthly mean in July to explore the role of surface cooling effect. The results of NOGW_ COOL − NOGW show a reduction of ET (Fig. 9d) most likely due to a surface cooling (Fig. 9a ) and the declined precipitation (Fig. 9b) . On the contrary, surface pressure increases (Fig. 9c) , which is induced by the cooler surface (Fig. 9a) . The positive pressure anomalies are consistent with surface divergence (Fig. 9c) , which reduces convection and the corresponding precipitation. This comparison further suggests that surface pressure anomalies due to surface cooling plays an important role in atmospheric stability in driving precipitation changes over the ARB region during the dry season. ) at a 500, b 700, c 850, and d 925 hPa. Statistically significant results are dotted. The white area near the west boundary of ARB in c and d is the mountain Next, the corresponding (NOGW_COOL − NOGW) vertical profile (with the same domain average as Fig. 7 ) of MSE anomalies (h ′ ) in July is shown in Fig. 10 . The result here suggests stabilization of the atmosphere, i.e.,
The positive vertical gradient of MSE is due to changes in both moisture ( dq ′ dz ) and temperature ( dT ′ dz ). Furthermore, both atmospheric temperature and moisture from the cooler surface show negative contributions to the MSE, i.e., T ′ < 0 and q ′ < 0. Comparing the results shown in Fig. 10 with the pattern shown in Fig. 7 , the changes in dry static stability ( dT ′ dz + gz) in the lower troposphere are consistent for both cases, while the moist static stability ( dh ′ dz ) show only minor difference in the lower troposphere due to the water vapor supply by groundwater component. Both dry and moist static stability show weakened convection and reduced precipitation.
Discussions
Most current climate models lack the representation of groundwater dynamics. After considering groundwater dynamics in the land surface model, we show that the dry season might become drier or, conversely, current model predictions without groundwater dynamics might underestimate the dry conditions in the ARB. While results shown in this study are based on the NCAR CAM + CLM, future tests using different models (such as NASA GISS model (Krakauer et al. 2013) and ORCHIDEE land surface model (Campoy et al. 2013) , in which groundwater model has been incorporated to a GCM recently) are necessary to isolate the issue of model's uncertainty and dependency.
Under global warming, Chou and Lan (2012) and Chou et al. (2013a) indicated that the seasonal range of precipitation tends to increase; specifically, wet seasons become wetter and dry seasons become drier. Their studies indicated that the thermodynamics component (the increase in water vapor caused by global warming) dominates the changes in the annual precipitation range from a global point of view. Although groundwater can increase water vapor in the low troposphere, the resulting lower temperature plays an important role in affecting the low troposphere convection. It is crucial to understand changes in precipitation patterns when considering both the groundwater interactions (increase in water vapor but decrease in surface and low level troposphere temperature) and global warming (increase in both water vapor and temperature). ) at 925 hPa. The white area near the west boundary of ARB is the mountain In addition, under weak synoptic-scale forcing, Negri et al. (2004) found precipitation over deforested areas could be larger than the high-density forest regions in the dry season. This conclusion was based on satellite observations showing less available ET with larger convergence (the opposite effect of adding the groundwater dynamics in the land surface model). On the other hand, model simulations show that deforestation can cause less ET and higher temperature, and decrease rainfall in dry season (Lejeune et al. 2014; da Silva et al. 2008; Lawrence and Vandecar 2015) . Deforestation can also extend the dry season and have delayed onset of raining season (Costa and Pires 2010; Fu and Li 2004) . Moreover, analysis from observational data also shows that deforestation area presents a stable environment in dry season, because the drier atmosphere reduces the convective available potential energy (CAPE) (Lejeune et al. 2014; Wang et al. 2009 ). However, in this study, the CAPE decreases because of stronger surface cooling effect compared to the moistening effect (Fig. 7) . Hence, it will be interesting to explore what the combined effects of both groundwater and deforestation are on convection over the ARB as well, especially within the intense deforestation in the Amazon in the past couple decades.
Conclusions
In this study, groundwater maintains high water content in soil, increasing the ET rates (latent heat fluxes) in the dry season, which results in surface cooling. The decrease in land surface temperature increases the surface pressure gradient; hence, a subsidence anomaly forms in the lower troposphere. The velocity potential anomalies also confirm that in the lower troposphere, a divergence center exists over the region where the surface temperature decreases most. As a result, groundwater dynamics influence the dry season precipitation by changes in soil moisture that induces higher ET. The increase in ET causes the decline of surface temperature, which results in an anomalous low level divergence and further weakens convection in the low troposphere. These findings are similar to the results from a recent study by Harper et al. (2014) but with different mechanisms. Harper et al. (2014) showed that during the average dry season, the land surface temperature can be reduced with the unstressed (with enhanced root water access) land surface model, which causes the atmosphere to become more stable and less precipitation occurs. In this study, we also find the reduction of precipitation with wetter soil (with groundwater storage) condition over the dry season of ARB; as opposed to changes in stability, the surface cooling from the groundwater interactions induced an increase in the surface pressure gradient and an anomalous low level divergence, resulting the weaker convection. The changes in atmospheric stability shown in Fig. 7 in fact shows a more unstable atmosphere below 750 hPa, indicating the importance of the pressure velocity anomalies shown in Fig. 6 in reducing the convection.
Finally, Lo and Famiglietti (2011) showed that a positive precipitation anomaly exists over the northern ARB (wet hemisphere, during June, July, and August) in simulations considering groundwater dynamics. They attributed the higher precipitation to an increase in water vapor in the lower troposphere, which results in greater vertical moisture transport. This process enhances convection, causing more precipitation to occur over regions where precipitation amounts are already climatologically high. By contrast, our study additionally suggests that although extra water vapor in lower troposphere is supplied from groundwater, surface cooling, resulting from an increase in ET rates causes the weaker convection in the southern of ARB in the dry season. The positive precipitation anomaly in Northern Hemispheric ARB, may also be partially caused ) and b total cloud cover. Statistically significant results are dotted by the local circulation changes induced by the downward motion in the south and it should be confined at above 700 hPa, where is dominated by climatological descents. However, the groundwater dynamics are prescribed in the land surface model globally, and the changes in circulation and the supply of water vapor from groundwater are not isolated locally, different factors will influence them. Therefore, the relationship between the positive precipitation anomaly over the north and the negative precipitation anomaly over the south when considering groundwater dynamics in the land surface model requires further investigation.
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